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The collective vibrational excitations of two different crystalline monolayer phases of ethane 
(C2H6 ) adsorbed on the graphite (0001) surface have been investigated theoretically and 
experimentally. The monolayer phases studied are the commensurate v'3 X 4 structure in which 
the ethane molecules lie on their side in a herringbone arrangement and the commensurate 
v'3 X v'3 structure in which the molecules stand on-end with the C-C bond perpendicular to the 
surface. Semiempirical atom-atom potentials have been used to model the intermolecular and 
molecule-substrate interactions in calculations of the monolayer structure and lattice 
dynamics. The observed inelastic neutron scattering spectra below 4.1 THz are compared with 
calculated one"phonon incoherent cross sections. The calculated cross sections qualitatively 
reproduce the rather different spectra of the two phases and enable an identification of the 
observed vibrational modes. Moreover, they suggest that an important feature of the 
herringbone phase dynamics is a coupling of the lowest-frequency librational mode to the 
vibratory mode perpendicular to the surface. Calculations of the phonon dispersion relations, 
the phonon density of states, and the phonon contribution to heat capacities of the two 
monolayer phases are also presented and discussed. 
I. INTRODUCTION 
Over the past decade, inelastic neutron scattering 
(INS) has developed as one of the few techniques available 
for investigating the low-frequency «25 THz) collective 
excitations of adsorbed monolayers. I Due to the weak neu- . 
tron-film interaction, INS does not have the surface sensi-
tivity of electron and neutral atom probes. Nevertheless, it 
has been used effectively to study the dynamics of strongly 
scattering mono layers adsorbed on high-surf ace-area sub-
strates. The main experimental advantage which INS has 
over inelastic electron and He atom scattering is that ultra-
high vacuum is not required. On the theoretical side, the 
relative ease of calculating neutron-phonon cross sections 
enables a more quantitative comparison between observed 
and theoretical spectra than is possible with these other tech-
niques. 
Recent improvements in energy resolution have enabled 
measurements of the phonon dispersion relations of ad-
sorbed mono layers on single crystal surfaces by inelastic 
electron2 and He atom3 scattering. While the use of poly-
crystalline substrates prevents such measurements by INS, 
there are several mitigating factors which should be consid-
ered. First, due to desorption effects, it is difficult to investi-
gate the dynamics of physisorbed films by electron scatter-
ing. Second, in the case of He atom scattering, it has proved 
difficult to couple to vibrational modes involving atomic dis-
placements paral.!el to the surface. Gibson and Sibener,3 for 
example, only observed the dispersionless out-of-plane mode 
of a Kr monolayer on the Ag ( 111 ) surface. Excitation of the 
parallel modes is not prohibited by selection rules. Rather it 
requires directing tl .... t:am onto the sa~ple at a small 
incident angle which is difficult to achieve experimentally. 
In contrast, it is relatively straightforward to observe by INS 
the translational modes of an adsorbate parallel as well as 
perpendicular to the substrate. The INS spectra are domi-
nated by modes at the Brillouin zone boundaries where the 
phonon density of states is highest. In the one-phonon ap-
proximation, the mode intensities are proportional to the 
square of the phonon eigenvector projected on the neutron 
momentum transfer Q. Hence the observed intensity of the 
zone boundary modes depends sensitively on interactions 
within the film as well as the film-substrate· coupling. 
The capabilities of INS for investigating the collective 
excitations of adsorbed monolayers were first demonstrated 
in the case of the strongest coherent neutron scatterer, Ar36, 
adsorbed on an exfoliated graphite substrate.4 In these ex-
periments, energy-loss peaks were obseryed corresponding 
to the zone-boundary longitudinal and transverse acoustic 
phonons polarized parallel to the surface as well as the out-
of-plane mode of the monolayer. The mode intensities were 
found to be in reasonable agreement with model calculations 
of the one-phonon cross sections for a polycrystalline mono-
layer. 
Due to the large incoherent cross section of hydrogen, 
hydrocarbons provide a large class of adsorbates whose dy-
namics can be studied by INS. I Moreover, they offer the 
opportunity to observe molecular librational modes absent 
in rare gas mono layers. Evidence of librational modes has 
been found in butane l •5 and ethylene6 films adsorbed on gra-
phitized carbon substrates. However, these studies were 
hampered in the analysis of the INS spectra by uncertainty 
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in the monolayer structure, particularly the molecular orien-
tations. 
The dynamics of physisorbed hydrocarbons has also 
been investigated by inelastic He atom scattering. Mason 
and Williams 7 observed changes in the He energy-loss fea-
tures of<;H6 (ethane) on theAg (110) surface as the cover-
age was increased up to three layers. As in the case ofthe INS 
experiments on hydrocarbon monolayers, a detailed inter-
pretation of the inelastic spectra was difficult without struc-
tural information. 
Recently, two monolayer structures of ethane (C2H6) 
on the graphite (0001) surface have been solved by a combi-
nation of elastic neutron diffractionS and low-energy elec-
tron diffraction (LEED)9 techniques. The low-density Sl 
phase has a commensurate structure in which the two mole-
cules in the unit cell lie on their side in a herringbone pattern. 
It is similar to other herringbone structures which have been 
found for monolayers of N20 2,1O N2,11 Fe(CO)5,12 and 
C6H14 (hexane) 13 physisorbed on graphite. The high-den-
sity S3 phase has a yj X yj commensurate structure in which 
the single molecule per cell stands on its methyl tripod. The 
same structure has been inferred for submonolayer methane 
on the graphite (0001) surface. 14 Thus both ethane phases 
provide prototypical monolayer structures whose collective 
excitations can be investigated by INS. Another advantage 
of the C2H~ graphite system is that reliable empirical atom-
atom potentials are available for calculation of the mono-
layer structure and lattice dynamics. 
We have given a brief comparison of observed and cal-
culated INS spectra for the two ethane monolayer phases on 
graphite in an earlier report. 15 Our purpose here is to give a 
more detailed account of this work. In Sec. II the semiempir-
ical potentials are described followed by a discussion of the 
methods used to calculate the monolayer structure and lat-
tice dynamics. Calculations of the phonon dispersion rela-
tions, the phonon density of states, the phonon contribution 
to the heat capacities, and the INS spectra are presented and 
discussed. In Sec. III, the theoretical and observed neutron-
phonon cross sections are compared. The results are sum-
marized in Sec. IV. 
II. THEORY 
A. Semlempirical potentials 
Calculation of the structure and dynamics of the ethane 
monolayer phases adsorbed on graphite requires a knowl-
edge of the intermolecular and molecule-substrate interac-
tions. These interactions are of the weak van der Waals type 
in which no chemical bond is formed. Since a direct quantum 
mechanical calculation of them is prohibitively difficult even 
for a relatively small hydrocarbon molecule like ethane, we 
have modeled these interactions using semiempirical atom-
atom potentials. 16 The method assumes that the intermole-
cular and molecule--substrate interactions can be expressed 
as a sum of potentials between atom pairs consisting of one 
atom from each interacting molecule or of an ethane and 
graphite atom, respectively. Furthermore, the atom-atom 
potentials are assumed to be derivable from central forces 
which depend only on the atom type and are independent of 
their chemical environment. 
Various analytical expressions have been adopted to 
represent the atom-atom potential. The most common ones 
are included in the following expression: 
q,(r) = E(n + A) 
(n+A)-6 
(1) 
The four parameters E, ro, n, and A can be given a direct 
physical interpretation. It is easy to see that E is the depth of 
the potential well and r 0 is the equilibrium distance. The 
attractive part of the potential in Eq. (I) varies with distance 
as r- 6 whereas different models of the repulsive part are 
obtained depending on the choice of n and A. If A = 0, the 
repulsive part has an r - n dependence as in the Lennard-
Jones potential (n = 12); if A #=0 and n#=O, the repulsive 
part is a product of power law and exponential terms. Quan-
tum calculations17 support an exponential rather than a 
power law dependence of the repulsive part of the energy. In 
this case, n = 0 in Eq. (1); and we obtain the Buckingham 
(6-exp) potential which can be written in the form 
q,(r) = - Ar-6 + B exp( - ar). (2) 
Upon comparing Eqs. (1) and (2), it is seen that 
~~ ~ A A=--, B=--exp(A), a=-. (3) 
A - 6 A - 6 ro 
Unlike the parameters in Eq. (1),A,B,andainEq. (2) have 
no direct physical interpretation. They are determined by 
fitting experimentally observable properties of a series of 
compounds to those calculated from potentials of the form 
in Eq. (2). Such properties include crystal structure, heat of 
sublimation, elastic constants, and vibrational frequencies. 
Considerable effort has been invested in determining 
pairwise-atomic potential parameters for the C-C, C-H, and 
H-H interactions of hydrocarbons. As discussed in Ref. 16, 
various criteria can be used to select among the different 
parameter sets available. One of the most important of these 
is the transferability of the potential parameters to other sys-
tems than those used in their determination. This is usually 
achieved by using a large number of different compounds in 
the parameter determination. 17,ls In the calculations de-
scribed below, we have used the parameter sets of Kitaigor-
odskii19 listed in Table I. Previous calculations found these 
to reproduce the lattice constants of a butane monolayer 
adsorbed on graphite better than several others tried, 1,20,21 
The Kitaigorodskii potentials do not include the effects of 
electrostatic interactions caused by the intramolecular 
TABLE I. Atom-atom potential parameters of Kitaigorodskii (Ref. 19). 
Parameters are defined in Eq. (2). 
Atom A B a 70 E 
pair (kcal A6/mol) (kcaI/mol) (A-I) A. (A) (kcallmol) 
C-C 
C-H 
H-H 
359.0 
154.0 
57.6 
42040 
42040 
42040 
3.58 13.58 3.79 
4.12 13.59 3.30 
4.86 13.57 2.79 
0.0676 
0.0666 
0.0678 
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charge distribution.22 We have recently begun to investigate 
their effect on the ethane monolayer structure23; but at this 
point, we do not believe that they would qualitatively alter 
the calculations of the monolayer lattice dynamics described 
below. 
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FIG. 1. The low-density structure SI of monolayer ethane on the graphite 
(0001) surface: (a) projection on the graphite surface [cf. Fig. l(a) in Ref. 
15]; (b) side view; (c) reciprocal lattice vectors and first Brillouin zone; 
and (d) the lattice vectors., and reciproca1lattice vectors b, oftheSI phase 
drawn in a coordinate system fixed to the graphite surface. The unit vector z 
is perpendicular to the surface. 
B. The S1 and S3 monolayer pha .. s of ethane on 
graphite and comparison with calculated structures 
Ethane forms a variety of solid and liquid monolayer 
phases on the graphite (000 1) surface as discussed in Refs. 8 
and 9. In this paper, we restrict our attention to two com-
mensurate solid phases which occur at low temperature. 
These are the lowest-density structure, 81, in which the mol-
ecules lie on their side with the C-C bond nearly parallel to 
the surface and the high-density structure, 83, in which they 
stand on end with the C-C bond perpendicular to the sur-
face. 24 
The 81 phase has been observed at coverages from 0.4 to 
0.8 layers and at temperatures below 60 K. Its LEED pat-
tern9 can be indexed with a rectangular unit cell of dimen-
sions (yjx 4)a, where a is the lattice constant of the graph-
ite basal plane. The absence of reflections (h,O) and (O,k) 
with hand k odd is consistent with the herringbone structure 
with two molecules per unit cell shown in Fig. 1. The struc-
ture of the 81 phase has also been studied in neutron diffrac-
tion experiments with a deuterated film (C2D6 ) adsorbed on 
an exfoliated graphite substrate. S The Bragg peak positions 
in the neutron diffraction patterns are consistent with the 
commensurate yj X 4 unit cell. In addition, it is possible to 
determine the molecular orientations by a kinematical anal-
ysis of the relative Bragg peak intensities in the neutron dif-
fraction pattern. 8 Table II lists the experimentally inferred 
lattice constants and orientational parameters. The orienta-
tional parameters are defined in Fig. 2. 
The high-density 83 phase is found at coverages> 1.5 
layers and temperatures .;;;80 K. Both neutron diffractionS 
and LEED9 experiments indicate a commensurate yj X yj 
structure on the graphite basal plane. Not enough Bragg 
peaks are observed in the neutron patterns to be able to de-
termine the molecular orientations. However, simple pack-
ing arguments suggest the molecules are standing on end. 
We have calculated the potential energy of monolayer 
clusters having the 81 and 83 ethane structure using the 
Buckingham potentials of Eq. (2) with the Kitaigorodskii 
parameters of Table I. The molecules were assumed to be 
rigid and in the staggered configuration. The (0001) graph-
ite surface was simulated by a single honeycomb layer of 
TABLE II. Comparison of the experimentally determined and calculated 
lattice constants and molecular orientational parameters for the SI and S3 
monolayer phases of ethane on graphite. All angles are given in degrees. () is 
the angle between the lattice vectors a l and .2' 
Phase 
a l a2 
(A) (A) () (a l,a2)" «(31,{32)" (1/11>1/12)" 
SI 
Expt.b 9.87 4.26 90 (40,20) (- 10, -10) (-67,-113) 
Calc. 9.60 3.95 90 (45,15) (- 8, - 8) (-66, -112) 
S3 
Expt.b 4.26 4.26 120 90e 90e OC 
Calc. 4.05 4.05 120 90 90 0 
"Subscript refers to molecule identification number in Fig. 1 (a). 
b Reference 8. 
e Assumed values. These parameters were not varied in the profile analysis 
of the neutron ditfraction pattern. 
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FIG. 2. The orientational parameters of the ethane molecule defined with 
respect to the Cartesian coordinate system in Fig. 1 (d): a (rotation about 
the C-C axis), p (tilt of the C-C bond above the surface), and", (azimuthal 
orientation of the projection of the C-C bond on the surface). The zero of a 
corresponds to the configuration in Fig. 4 of Ref. 30. The C-C and C-H 
bond lengths are 1.53 and 1.09 A, respectively. 
carbon atoms, since deeper layers are beyond the cutoff 
lengths of the potentials.25 
The potential energy minimization proceeded as fol-
lows. First the intermolecular energy of a cluster was mini-
mized for a fixed location of the cluster on the graphite sur-
face. Then the rigid cluster26 was systematically translated in 
all three spatial directions and rotated about the surface nor-
mal to find the lowest cluster-substrate energy. At this loca-
tion, the intermolecular cluster energy was optimized again; 
however, to the accuracy of our computations, it did not 
change from its original value. Repeating this process with 
the cluster initially at different sites on the graphite surface 
yielded the same results. 
For the Sl structure, a cluster with three cells on a side 
( 18 molecules) was used. The unit cell was constrained to be 
rectangular and the lattice constants and orientational pa-
rameters of both molecules systematically varied. The 
centers of mass of molecule nos. 1 and 2 were held fixed at 
positions ( - a1/4, - a2/4) and (a I /4,a2/4), respectively, 
as in Fig. l(a). The minimum energy of the cluster corre-
sponded to the herringbone arrangement of the molecules in 
Fig. 1 (a) with their center of mass at a height of 3.55 A. 
above the layer of graphite carbon atoms [Fig. 1 (b) ]. The 
orientational parameters a and f3 are such as to allow three 
H atoms in each molecule to be nearly in the same plane 
parallel to the surface. The calculated lattice constants and 
orientational parameters are listed in Table II. In the mini-
mum energy configuration of the SI cluster, the intermole-
cular energy is calculated to be - 3.25 kcallmolecule and 
the molecule-substrate energy is - 4.98 kcallmolecule. 
In the case of the S3 structure, a hexagonal cluster con-
taining seven molecules (one per unit cell) was used as 
shown in Fig. 3(a). In the minimization of the intermolecu-
lar potential, the unit cell was assumed to be hexagonal and 
the molecules to be oriented with the C-C bond perpendicu-
lar to the surface. Only the lattice constant and the molecu-
lar angle of rotation (¢) about the surface normal were var-
ied. The minimum in the intermolecular energy occurs for 
the nested arrangement of the methyl tripods shown in Fig. 
3 (a) in which an H atom from one molecule lies in the clea-
vage between two H atoms in a neighboring molecule. For 
this S3 cluster, we find an intermolecular energy of - 4.17 
kcal per molecule and a molecule-substrate energy of 
- 4.16 kcallmolecule. The height of the molecular center of 
mass was found to be 4.01 A. as shown in Fig. 3(b). 
Table II shows that the calculated and observed molecu-
lar orientations for the S 1 structure agree within the experi-
mental uncertainty of ± 10°. Generally, the calculated lat-
tice constants are smaller than observed so that neither the 
Sinor the S3 phase are predicted to be commensurate with 
the graphite basal plane. This discrepancy between the cal-
culated and observed lattice constants is as large as 7%. We 
believe that the computed structures are sufficiently accu-
rate to justify calculations of the lattice dynamics of both 
phases with the Kitaigorodskii potentials. 
c. Description of the monolayer lattice dynamics 
calculations 
t. Coordinate selection 
In the conventional theory of lattice dynamics devel-
oped by Born and Huang,27 the potential energy of a crystal 
is expanded in powers of the Cartesian displacements of the 
constituent atoms. The harmonic approximation is made in 
the expansion about the potential minimum so that cubic 
and higher order terms in the displacements are neglected. 
The use of Cartesian displacements is not well adapted to 
molecular crystals, since one cannot exploit the division of 
force constants into relatively large values for intramolecu-
lar coordinates and smaller ones for intermolecular interac-
tions. In the case of the ethanel graphite system, we use an 
extreme limit of the molecular crystal approach in which the 
ethane molecule is assumed rigid except for the torsion of the 
methyl groups about the C-C bond. The methyl torsion is 
the lowest frequency internal mode and the only one to be 
measurably perturbed by adsorption. INS spectra show a 
shift of the methyl torsion frequency from 8.7 THz for the 
free molecule28 to 9.1 THz for the S3 monolayer phase29 in 
agreement with calculated estimates.3o We shall see that the 
methyl torsion is the only intramolecular mode to couple 
significantly to lattice modes ofthe ethane monolayer. 
Another approximation which we have made is to ne-
glect any motion of the carbon atoms in the graphite sub-
strate. Theoretical studies of the dynamics of xenon31 and 
krypton32 adsorbed on graphite have shown that resonance 
effects between monolayer and graphite modes become im-
portant only at low frequencies and wave vectors near the 
Brillouin zone center. Since our main interest is the calcula-
tion of neutron-phonon cross sections which are dominated 
by modes near the Brillouin zone boundary, we shall assume 
such resonance effects to be unimportant. 
To express the intermolecular and molecule-substrate 
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FIG. 3. The high·density structure S3 of monolayer ethane on the graphite (0001) surface: (a) projection on the graphite surface. The dashed lines represent 
C-H bonds of the methyl group closest to the surface; (b) side view; (c) reciprocal lattice vectors b l and the oblique Brillouin zone; (d) the hexagonal 
Brillouin zone; and (e) the lattice vectors ., of the S3 phase drawn in a coordinate system fixed to the surface [as in Fig. l( d)]. The unit vector z is 
perpendicular to the surface. 
parts of the potential energy function, we use a method de-
veloped previously for molecular crystals.33 The force con-
stants are defined in terms of relative translational and rota-
tional coordinates. The excitation Hi of the ith coordinate is 
obtained by operating on the actual displacement of the 
atoms AR with the projection operator B, : 
Hi =B1·AR, 
where 
and 
(4) 
(5) 
B, = [Bw ... ,Blv, ... ,BIN]' (6a) 
B,v = [Blv,x ,B1v,y ,B1v,z ] . ( 6b ) 
N is the number of atoms in the monolayer. The potential 
energy function V is then expressed in terms of the coordi-
nates Hi by 
V=!HTFH=!ART[BTFBJAR (7) 
with 
HI 
[F" F;N] H= ~ and F= : (8) . , 
FNI FNN 
HN 
where F is the force constant matrix. 
The intermolecular potential energy function is ex-
pressed as a sum of molecule-pair interactions. Due to the 
short range of the van der Waals forces, it is only necessary to 
include nearest and, in the case of the S 1 structure, next-
nearest neighbor pairs. For a given pair of molecules, eight 
coordinates are considered as listed in Table III. They are 
defined with respect to a local coordinate system (x,y,z) 
with origin at the center of mass of one molecule in the pair 
and the x axis taken along the direction toward the center of 
TABLE III. The eight displacement coordinates of a molecular pair (i,j) 
used to express the intermolecular potential energy function. Subscripts reo 
fer to the local coordinate system (x,y,z) defined in the text. 8a is a rotation 
of a molecule about the a axis, and ta is a translation of a molecule along the 
a axis. All of the coordinates are invariant to crystal translations. Those 
lacking invariance to crystal rotation are indicated in the last column. 
Molecule 
Coordinate Invariant to 
number j crystal rotation? 
I 8x -8x yes 
2 8y -8y yes 
3 8z -8z yes 
4 8y 8y no 
5 8z 8z no 
6 tx -tx yes 
7 ty - ty no 
8 t z - t z no 
J. Chern. Phys., Vol. 87, No.5, 1 September 1987 
Downloaded 18 Oct 2010 to 128.206.162.204. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
F. Y. Hansen and H. Taub: Ethane monolayers on graphite 3237 
mass of the other molecule. It is straightforward to trans-
form from this coordinate system to the one used in the lat-
tice dynamics calculations [see Figs. 1 ( d) and Fig. 3 ( e) ] . 
The coordinates listed in Table III are sufficient to de-
scribe the intermolecular interactions completely. More-
over, they are convenient to use since they satisfy most of the 
invariance requirements with respect to crystal translations 
and rotations. The rotational invariance lacking in coordi-
nates 4, 5, 7, and 8 can be achieved by introducing the follow-
ing off-diagonal terms in the force constant matrix: 
F47 = - ~ [F44 + F77]' 
(9) 
and by proper definition of the projection operators B. in Eq. 
(4). 
For the molecule-substrate interaction, we use six co-
ordinates corresponding to three rotations and three transla-
tions of a molecule about the axes of the coordinate system 
fixed to the substrate [Figs. l(d) and 3(e)]. These coordi-
nates are not orthogonal to translations and rotations of the 
monolayer due to the symmetry breaking of the graphite 
substrate. 
As discussed above, the intramolecular potential con-
tains only one coordinate corresponding to the methyl tor-
sion about the C-C bond of the molecule. 
We note that application of a symmetry operation of the 
monolayer to anyone of the coordinates considered yields an 
equivalent coordinate having the same force constant. In the 
computer code which we have used, it is only necessary to 
define a set of independent basis coordinates which are unre-
lated by symmetry operations.34 All equivalent coordinates 
are generated automatically and assigned the proper force 
constants. 
For the S3 monolayer phase, only nearest-neighbor in-
teractions were included in the intermolecular potential. 
The next-nearest neighbors in this high-symmetry phase 
(C ~ v space group35) are beyond the loA cutoff assumed for 
the pairwise atomic potentials.25 There are then a total of 15 
basis coordinates: 8 for the intermolecular interaction, 6 for 
the molecule-substrate interaction, and 1 for the intramole-
cular methyl torsion. 
Due to the lower symmetry of the S 1 phase, a much 
larger set of basis coordinates is required. Next-nearest 
neighbors are within the cutoff range of the intermolecular 
potential so that six different molecular-pair interactions 
must be included as illustrated in Fig. 4. The following inter-
actions of molecule 2 in the unit cell (0,0) are considered: 
( a) with molecule 2 in cell (0,1), (b) with molecule 1 in cell 
(0,1), (c) with molecule 1 in cell (1,1), (d) with molecule 1 
in cell (1,0), (e) with molecule 1 in cell (0,1), and (f) with 
molecule 1 in cell (0,0). The interactions between molecule 
1 in cell (0,0) and those in neighboring cells are equivalent to 
those enumerated above and are not included in the basis set. 
Interactions (a) and (e) are between nearest neighbors (in-
termolecular distance of 3.90 A) and (b), (c), and (d) are 
between next-nearest neighbors (intermolecular distance of 
5.18 A). Since eight coordinates are required (see Table III) 
to describe each of the molecular-pair interactions in Fig. 4, 
we have 6 X 8 = 48 nonequivalent intermolecular coordi-
.... 
8, 
FIG. 4. Diagram illustrating the molecular pair interactions in the SI mon-
olayerethane phase. Pairs (a) and (e) are nearest neighbors (3.90 A sepa-
ration); (b), (c), and (d) are next-nearest neighbors (5.1S A separation); 
and (f) is the pair within the unit cell (5.1S A separation). 
nates. The interaction of each molecule with the substrate is 
described by t1iesame six coordinates used for the S3 phase. 
This gives 2 X 6 = 12 additional basis coordinates. Including 
the methyl torsion of each molecule, yields a total of 62 basis 
coordinates for the S 1 monolayer phase. 
2. Ellaluat/on of force constants 
The semiempirical atom-atom potentials described in 
Sec. II A have been used to calculate the force constants 
defined in Eqs. (7) and (8). To obtain the intermolecular 
interaction, the potential energy of a pair of molecules is 
calculated as a function of one of the eight basis coordinates 
described above. For the molecule-substrate interaction, the 
potential energy of a single molecule interacting with the 
layer of graphite carbon atoms is calculated as a function of 
one of the six rotational and translational coordinates. In 
each case, the force constant is taken to be the second deriva-
tive of the potential energy function of the appropriate coor-
dinate evaluated at its equilibrium value. A similar method is 
used to determine the intramolecular methyl torsion force 
constant except that the potential barrier used is that calcu-
lated quantum mechanically for a free molecule. 36 
In general, the number of distinct elements in the sym-
metric force constant matrix [Eq. (8)] can be as large as 120 
for the S3 structure and 1953 for the SI phase. In order to 
simplify the calculation for the S3 phase, we have assumed 
all off-diagonal elements of the force constant matrix to be 
zero except those required by Eqs. (9) for rotational invar-
iance and those involving the coupling of the methyl torsion 
to the {}z molecular rotation as described below.37 We shall 
see that this force constant matrix allows us to reproduce the 
qualitative features of the INS spectrum for the S3 phase. In 
the case of the S 1 phase, we have been able to reproduce the 
INS spectra reasonably well by including only one other off-
diagonal element in the force constant matrix besides those 
required by Eqs. (9) and the coupling of the methyl torsion 
to lattice modes. We shall describe in the next section how 
both the observed spectra and symmetry considerations led 
us to consider this additional coupling constant. 
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D. Results 
1. Phonon dispersion relations, density of states, and 
heat capacity 
a. S3 phase. In Figs. 3 (c) and 3 (d) are shown two 
choices of the Brillouin zone for the hexagonal 83 phase. For 
our lattice dynamics calculations, we have selected the 
oblique zone in Fig. 3 (c) spanned by the reciprocal lattice 
vector!; b i and b2• In Fig. 3 (e) they are drawn along with the 
direct lattice vectors a l and a2 in the Cartesian coordinate 
system used in our calculations (note that z is perpendicular 
to the surface). 
The calculated phonon dispersion relations for the 83 
monolayer phase are shown in Fig. 5 for wave vectors in the 
directions ofb i (or b2 ) and b i +b2• The branches are la-
beled with the symmetry symbols shown in Fig. 3 (c). At the 
zone center there are two one-dimensional irreducible repre-
sentations r 1 and r 2 and one two-dimensional irreducible 
representation r 3• Along the direction ofb i (or b2 ) there is 
only translational symmetry. In the b l + b2 direction the 
symmetry is described by two one-dimensional irreducible 
representations Al and A2 • At the wave vector 1/3 (b i + b2 ) 
corresponding to the zone boundary of the hexagonal Bril-
louin zone [Fig. 3 ( d) ], the symmetry is the same as at r. 
Consequently, there should be two doubly degenerate modes 
as verified by the calculations. 
The highest branch in the dispersion curves of Fig. 5 is 
the methyl torsional mode. We have considered the coupling 
between the methyl torsion coordinate and the other basis 
coordinates of the 83 phase as follows. At r, the only lattice 
mode with the same symmetry (r2 ) as the methyl torsion 
and hence the only mode to which it can couple is the one 
involving the {)z rotation of the molecule about the C-C 
bond (z axis). The situation changes along A where, in addi-
tion to the {)z rotation, the rotation about the y axis {)y and 
Tllz THz 
9 &. ; 9 9 r, r, 
8 8 8 
r, &.7 r, 
7 7 
6 6 6 
5 5 5 
r; 4 r, r; 4 r, 4 
3 3 3 
r. r, 
2 2 2 
r, 1 r, 1 
r, r, 
0 
0 0.1 0.2 0.3 0.4 0.5 
0 
b,.b, 0.0 
I 2 J 4 5 6 
t ... ty t ll' ty t z ex I Iy 'x"'y 'z 
the translations in the x and y directions tx and ty also have 
the same symmetry as the methyl torsion. However, our cal-
culations have shown that couplings to these other modes 
produce no effect on the methyl torsion. 
The {)z rotation of the molecule occurs in 3 of the 15 
basis coordinates. One of these is the rotation of a single 
molecule with respect to the surface. Due to the small corru-
gation of the molecule-substrate potential, the restoring 
force associated with this coordinate is so weak that we can 
neglect its coupling to the methyl torsion. The other two 
basis coordinates which involve the {)z rotation are those in 
which a nearest-neighbor pair of molecules rotate in either 
the same or opposite sense (types 3 and 5 in Table III). Only 
rotation in the same direction will be excited at the zone 
center while only opposite-sense rotation will be excited at 
the zone boundary. 8ince the density of states is highest at 
the zone boundary, the opposite-sense rotations will contrib-
ute more strongly to the INS spectrum. Therefore, we have 
only included a coupling of the methyl torsion to this basis 
coordinate. As can be seen in Fig. 5, it results in a slight 
dispersion of the methyl torsion branch from the free-mole-
cule value of 8.7 THz at r to 9.1 THz at the zone boundaries. 
The {)z rotational mode lies just below the methyl tor-
sion branch at the r point where it has a frequency of -7.5 
THz. This mode is strongly dispersed, dropping to -4.4 
THz at the zone boundary. Coupling to the methyl torsional 
mode introduces a small admixture of torsional motion into 
its eigenvector. 
We continue by briefly describing the other phonon 
branches in the dispersion curves of Fig. 5. The two r3 
modes with frequencies of -4.1 THz at the zone center in-
volve rocking motions () x and () y of the molecules about the x 
andy axes, respectively. They are not dispersed as strongly 
as the higher-frequency ()z mode due to the larger restoring 
force for molecular rotations about the x and y axes parallel 
6, 
" 9 
8 
6, FIG. 5. Phonon dispersion relations cal-
, 
6 cuJated for the 83 phase. The branches 6, -, 
are identified by their point-group sym-
' .......... -~ 5 metry label defined in Fig. 3 (c) and also 
\ by numbers in the left panel appearing in 
./ the table at the bottom of the figure. This 
4 table lists the types of molecular motion 
using the same translation and rotation 
6, 3 symbols as in Table III. Note that the 
SUbscripts now refer to the coordinate 
2 system fixed in the substrate as in Fig. 
3(e). 
0.1 0.2 0.3 0.4 0.5 (b.+b,) 
7 
HJC-
CH J 
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FIG. 6. Phonon density of states calculated for the S3 phase after folding 
with a Gaussian resolution function (FWHM = 1.8 THz). 
to the surface. The r) mode with frequency of -2.5 THz 
corresponds to bouncing of the molecules against the sur-
face. It is nearly dispersionless, since the restoring force is 
almost entirely determined by the molecule-substrate inter-
action. In this mode, the molecules behave nearly as inde-
pendent oscillators. 
The two lowest modes at the zone center involve transla-
tions of the molecules along the x and y axis parallel to the 
surface. They have r 3 symmetry at the zone center and are 
strongly dispersed. The nonzero frequency (-0.7 THz) at 
the r point is a result of the corrugation of the adatom-
surface potential. 
The phonon density of states calculated for the S3 phase 
is shown in Fig. 6. We found that a sampling of 800 points in 
half of the Brillouin zone was sufficient to achieve conver-
gence. The large, narrow peaks correspond to the nearly dis-
persionless translational mode normal to the surface at - 2.5 
THz and the methyl torsional mode at -9.0 THz. The 
broader feature in the range 4 to 6 THz results from the fiat 
regions of the more strongly dispersed branches. Finally, we 
THz 
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FIG. 7. Temperature dependence ofthe phonon contribution to the mono-
layer heat capacity per molecule calculated for the S3 phase. The heat ca-
pacity is expressed in reduced units C.lka where ka is Boltzmann's con-
stant. The S3 phase is believed to melt near 80 K (see Refs. 8 and 9). 
have used the normalized density of states g( v) to calculate 
Co, the phonon contribution to the monolayer heat capacity 
per molecule, from the expression 
Co i oo (hv/kB T) 2exp( - hv/kB T) 
- = g( v)dv, (10) 
kB 0 [1 - exp( - hv/kBT)]2 
where v is the phonon frequency, T is the temperature, h is 
Planck's constant, and kB is Boltzmann's constant. The heat 
capacity of the S3 phase is plotted as a function of the tem-
perature in Fig. 7. We find the zero point energy of the S3 
phase to be 340 K per molecule. 
b. S1 phase. The Brillouin zone for the rectangular S 1 
structure is shown in Fig. 1 ( c ). The dispersion relations for 
wave vectors in the b l and b2 directions appear in Fig. 8. 
9 
8 
7 
6 FIG. 8. Phonon dispersion relations calcu-
lated for the SI phase. The numbers at left 
5 refer to the table at the bottom of the figure 
listing the types of motion for each mole-
cule. The translation and rotation symbols 
are the same as in Table III except that the 
3 subscripts refer to the coordinate system 
fixed in the substrate shown in Fig. 1 (d). 
2 
o 
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With two molecules per unit cell, there are a total of 14 
branches, i.e., twice as many as for the S3 structure. Due to 
the low symmetry of the S 1 phase, the character of the modes 
is rather complex and usually a mixture of several types of 
motion. 
The highest frequency branch at - 8.7 THz involves 
methyl torsional motion predominantly. INS experiments29 
indicate a smaller perturbation of the methyl torsion than in 
the S3 phase. Since no symmetry arguments can be invoked 
to infer its coupling to other modes, we have assumed it to be 
coupled only to the molecular rotation about the C-C bond 
(Ox) as in the S3 phase. The coupling constant was adjusted 
to give a dispersion in the methyl torsion frequency consis-
tent with earlier experiments. 29 
The three, branches with frequencies in the range 6-8 
THz are modes in which there is a mixture of a Ox rotation 
and methyl torsional motion. Because the C-C bond is near-
ly parallel to the surface in the S 1 phase, the force constant 
for the Ox rotation is determined primarily by the molecule-
substrate interaction. This results in little dispersion of these 
branches. 
The flat branches at -4.25 and -4.1 THz correspond 
to modes in which the two molecules in the unit cell rotate 
about the surface normal (Oz rotations) in the same and the 
opposite sense, respectively. The lack of dispersion in these 
modes indicates that the main contribution to the restoring 
forces comes from the interaction between two molecules 
within a unit cell. 
The molecular motions associated with the branches at 
1.1, 1.4, 3.55, and 3.65 THz are combinations of rotations 
about the y axis (Oy) and translations along the z axis (tz ). 
Like the Ox rotational modes, these show little dispersion 
since the dominant restoring force arises from the molecule-
substrate interaction. 
All of the pure translational modes are strongly dis-
persed. This is particularly true for wave vectors along b2 
which is the direction of the nearest-neighbor bonds labeled 
(a) and (e) in Fig. 4. The branches with frequencies of -3.5 
and - 1.7 THz at the zone center correspond to opposite 
translations of the two molecules in the unit cell along the x 
and y axis, respectively. They are analogous to the optical 
mode in a linear chain with two atoms per unit cell. The 
branches with the two lowest frequencies at the zone center 
involve translations of the two molecules in the unit cell in 
the same sense along the x andy axes. Note again the much 
larger dispersion along b2 for the ty modes in which the mole-
cules move parallel to their nearest-neighbor bonds. 
The dispersion relations in Fig. 8 have been computed 
assuming an additional off-diagonal element in the force 
constant matrix which was not described in Sec. II C 2. This 
force constant couples translational motion of a molecule 
along the surface normal to rotational motion about an axis 
which is perpendicular to the C-C bond and parallel to the 
surface. The motivation for including this coupling will be 
discussed in Sec. III where the calculated and observed in-
elastic neutron cross sections are compared. For now, we 
simply note the effect of this coupling on the dispersion rela-
tions. Without the coupling, the two pairs of branches la-
beled 4,10,8,14 collapse into a narrow band of modes in the 
4,10,8.14 
4,10,8,14 
4,10,8,14 
4,10,8,14 
THz 
4f-
1 
0 
0.0 
4 
~ 
1 
I 0 0.2 0.4 
FIG, 9. Effect on the phonon dispersion curves of a coupling between the () 
rotation and tz translation coordinates (see Table III) in the 81 phase': 
The affected branches are shown without a coupling (dashed curves) and 
after introducing a coupling (solid lines). 
range 2.5 to 3.0 THz as illustrated in Fig. 9. 
The large number of phonon branches of the S 1 phase is 
reflected in the complexity of the density of states shown in 
Fig. 10. The temperature dependence of the heat capacity of 
this phase calculated from Eq. (10) is plotted in Fig. 11. We 
find the zero point energy of the S 1 phase to be 310 K per 
molecule. 
2. Calculationolthe Inelastic neutron cross sections for 
the S1 andS3 phases 
One of the principal advantages of neutron scattering 
over other probes of surface dynamics is the relative simpli-
city of calculating the neutron-phonon cross sections. In the 
case of hydrocarbon films the calculations are further sim-
plified by the large incoherent cross section of hydrogen for 
thermal neutrons. Using the cross sections listed in Table 
IV,38 we estimate the error in neglecting the coherent scat-
tering from the C and H nuclei to be less than 3%. 
The incoherent, one-phonon cross section for thermal 
neutrons of a lattice with n atoms per unit cell is given by39 
,.., 
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FIG. lO. Phonon density of states calculated for the 81 phase lifterfolding 
with a Gaussian resolution function (FWHM = 1.8 THz). 
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FIG. 11. Temperature dependence of the phonon contribution to the mono-
layer heat capacity per molecule calculated for the SI phase. The heat ca-
pacity is expressed in reduced units C./kB where kB is Boltzmann's con-
stant. Note that near 64 K the S 1 phase undergoes a transition to an I 1 phase 
in which the molecules are orientationally disordered. (See Refs. 8 and 9.) 
d 20' 1 kin 
dfldE = 817" k d~l O'inc,d 
Xe - 2Wd(Q) _1_ r _1_IQ'O"~ (q) 12 
Md }.q OJj (q) 
x{[nj(q) + 1] .«5 [OJ -OJj(q)] 
+ nJ (q).«5[ OJ + OJj (q)]}. (11 ) 
In this expression, k and k' are the magnitudes of the inci-
dent and scattered neutron wave vector, respectively' 0'. d 
, iRC, 
is the incoherent scattering cross section for atom d, Wd (Q) 
its Debye-WalIer factor, and Md its mass. The phonon of the 
jth band at the reduced wave vector q has frequency OJJ (q) 
and eigenvector O"~ (q) with a population factor nJ (q) given 
by 
1 
nJ(q) = (12) 
exp[wj(q)/kBT] - 1 
In Eq. (11), the factor «5 [OJ +OJj(q)] corresponds to 
phonon annihilation (neutron energy gain) while 
«5 [ OJ - OJj ( q)] represents phonon creation (neutron energy 
loss). 
For both the 81 and 83 monolayer ethane phases, we 
have calculated the incoherent, one-phonon cross section of 
Eq. (11). Asin the case of the phonon density of states, the 
summation over q was performed by sampling half of the 
Brillouin zone with a uniform mesh of 800 points. At each 
point, the frequencies OJj ( q) of all branches and their asso-
ciated eigenvectors O"~ (q) were computed. The Debye-
Waller factors for all of the atoms were set equal to zero. This 
TABLE IV. Thermal neutron cross sections of carbon and hydrogen in 
barns from Ref. 38. 
Nucleus 
C 
H 
5.51 
81.5 
5.49 
1.80 
0.02 
79.7 
assumption is believed to be reasonable for comparing the 
calculated cross section with the observed spectra taken at 
-10K. 
To obtain a sufficient intensity of inelastically scattered 
neutrons from the films, a large-surf ace-area, polycrystalline 
substrate must be used. In our experiments, the substrate 
was a recompressed exfoliated graphite known as Grafoil40 
which is rolled into thin sheets. Previous studies4 have as-
sumed a two-component model for the distribution of parti-
cle orientations in the graphite sheets: (1) an oriented com-
ponent in which the c axes of the particles have a Gaussian 
distribution in angle about the sheet normal (full width at 
half-maximum - 30°); and (2) an isotropic component. The 
partial orientation of the substrate is of importance due to 
the factor IQ'O"~ (q) 12 in the cross section ofEq. (11). One 
expects a difference in the inelastic spectra depending on 
whether the wave vector Q is parallel or perpendicular to the 
Grafoil sheets. For example, vibrational modes which in-
volve atomic displacements predominantly normal to the 
graphite basal plane surfaces should have their intensity en-
hanced in the Q perpendicular configuration. 
In the case of an isotropic substrate, the factor 
IQ'O"~ (q) 12 in the one-phonon cross section can be replaced 
by its spherical average ~IQI210"~ (q) 12 so that for neutron-
energy-loss scattering, Eq. (11) becomes 
d 20' 1 k' n 
dfldE = 2417" k d~l O'inc.d 
xe-2Wd(Q) -1-r IQI210"~(Q)12 
Md j.q OJj (q) 
X[nj(q)+I]«5[OJ-OJj (q». (13) 
We have simulated the incoherent, one-phonon cross 
section of the 81 and 83 monolayer phases in both the Q 
perpendicular and parallel configurations for a purely Gaus-
sian particle distribution. At each point in the Brillouin 
zone, the cross section in Eq. (11) is averaged over 100 dif-
ferent Q orientations conforming to the Gaussian distribu-
tion about the surface normal (perpendicular configura-
tion) or the surface plane (parallel configuration). A 
sampling of 100 orientations was deemed sufficient since the 
results did not change significantly upon increasing the 
number from 70 to 100. In both the perpendicular and paral-
lel configurations, the projection of Q on the surface is as-
sumed to be directed randomly with respect to the mono-
layer lattice. 
The effect of the particle orientation distribution func-
tion on the calculated cross sections is illustrated in Fig. 12 
for the higher-symmetry 83 phase. One can see that, as ex-
pected, the translational mode normal to the surface at 2.5 
THz is strongly enhanced in the Q perpendicular configura-
tion [Fig. 12(a)] while in the parallel configuration [Fig. 
12(b)] the intensity of the translational modes parallel to 
the surface increases in the frequency range from 4 to 6 THz. 
III. COMPARISON OF THEORETICAL AND OBSERVED 
CROSS SECTIONS 
The observed neutron-loss spectra were obtained with 
the Mitsubishi triple-axis spectrometer at the University of 
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FIG. 12. Calculated inelastic neutron spectra of the S3 ethane monolayer 
phase assuming a Gaussian particle orientation distribution function: (a) Q 
perpendicular configuration; (b) Q parallel configuration. The spectra 
have been folded with a Gaussian resolution function (FWHM = 1.8 
THz). 
Missouri Research Reactor Facility. The spectrometer was 
operated with a fixed incident energy of 33 meV and at a 
constant momentum transfer Q = Ikt - k; I of either 2.2 or 
4.0 A-I. Use of the Cu(200) reflection for both monochro-
mator and analyzer crystals and 40' collimation throughout 
gave an instrumental resolution (FWHM) of 0.4 THz (1.8 
meV) in the energy transfer range 0.5<AE<4.1 THz. Dif-
ferent Grafoil sample cells were used for measurements in 
the Q parallel and perpendicular configurations. All spectra 
were obtained at a temperature of - 10 K by placing the cells 
in a closed-cycle helium refrigerator. They have been cor-
rected for the energy dependence of the analyzer reflectivity. 
Figure 13 shows the coverage dependence of the spectra 
at Q = 4.0 A -1 in both the parallel and perpendicular con-
figurations. Clearly, the Sl spectra at a coverage () of 0.80 
layers differ qualitativelyfrom those of the S3 phase at 1.6 
layers. It is also interesting to note that the spectra ofthe S2 
phase24 at 0.97 layers are qualitatively similar to the S 1 spec-
tra. Although it has been impossible to determine by elastic 
neutron diffraction the molecular orientations in the S2 
phase, this similarity suggests that the molecules are lying 
with their C-C bond nearly parallel to the surface as in the 
Sl structure. At four layers, the spectra probably contain 
contributions from both bulk and film phases, since it is un-
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FIG. 13. Coverage (In dependence of the neutron energy-loss spectra from 
ethane adsorbed on Grafoil at 10K. Spectra were taken at constant Q = 4.0 
A -I in the parallel configuration [(a) through (d») and in the perpendicu-
lar configuration [(e) through (h»). Background scattering from the bare 
substrate has been subtracted from each spectrum. 
likely that ethane completely wets the graphite surface at 
this coverage. 
The S3 spectra at 1.6 layers show little difference 
between the Q parallel and perpendicular configurations in 
contrast to the predictions in Fig. 12 for a Gaussian particle 
distribution. Similar calculations for the S 1 phase also show 
a marked anisotropy between the two scattering directions 
which is not reflected in the observed spectra at 0.8 layers in 
Fig. 13. A possible explanation for these results is that most 
of the available surface area of the Grafoil substrate is con-
tributed by smaller particles which have no preferred orien-
tation. This interpretation is consistent with previous INS 
exp~riments with adsorbed Ar films4 which indicated that at 
least 2/3 of the Grafoil surface to be oriented isotropically. 
It seems appropriate, then, to compare the observed 
INS spectra with those calculated assuming an isotropic sub-
strate. These spectra are shown at energy transfers up to 8 
THz in Figs. 14(a) and 14(b) for the S3 and Sl phases, 
respectively. They have been calculated from Eq. (13) and 
then folded with the instrumental resolution function. In the 
case of the S 1 phase, the coupling between the translational 
motion of the molecules normal to the surface and the lowest 
librational mode has been included as described in Sec. II. It 
can be seen from Fig. 14 that the calculated cross sections for 
the S3 and S 1 phases differ greatly. To facilitate comparison 
with the observed spectra, we have replotted in Fig. 15 the 
calculated cross section for the S3 phase with that observed 
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FIG. 14. Calculated inelastic neutron spectra of the (a) 53 and (b) 51 eth-
ane monolayer phases assuming an isotropic powder substrate. The spectra 
have been folded with a Gaussian resolution function (FWHM = 1.8 
THz). 
at Q = 4.0 A -I (parallel configuration) at energy transfers 
up to 4.1 THz. Figure 16 contains the corresponding spectra 
for the S 1 phase. 
The dominant mode in the calculated spectrum for the 
S3 phase [Fig. 15(b)] is the molecular vibration normal to 
the surface (bouncing mode) at 2.6 THz. In this more dense-
ly packed phase in which the molecules stand on end, the 
librational modes occur at higher frequencies (see the dis-
persion curves in Fig. 5). The calculated peak for the bounc-
ing mode is narrower and slightly higher in frequency than 
the observed band. The width observed may result from 
multiple scattering effects which become more severe as the 
coverage is increased.41 It may also be related to a failure in 
the isotropic substrate assumption. The peak width is slight-
ly greater in the parallel than in the perpendicular configura-
tion [cf. Figs. 13(a) and 13(b)] in qualitative agreement 
with the Gaussian model calculations in Fig. 12. 
There are two calculated spectra in Fig. 16(b) for the 
herringbone S 1 phase. The dashed curve is the cross section 
calculated without the force constant coupling the bouncing 
motion of each molecule to its libration about a symmetry 
axis perpendicular to the C-C bond and parallel to the sur-
face [see Fig. 1 (b) ]. It is dominated by a broadband at 2.8 
THz contributed by both types of modes. Since there is a 
bouncing and librational mode for both molecules in the unit 
laJ a •• 111111111 
III I 
II I II 
I I 
S3: X 
777777'" 
111111 I 
II. 
'. 
FIG. 15. Comparison of observed and calculated inelastic neutron spectra 
for the 53 ethane monolayer phase at 10 K. (a) Energy-loss spectrum ob-
served at constant Q = 4.0 A -. with Q parallel to the Grafoil sheets [re-
plotted from Fig. 13 (b)]. (b) Calculated one-phonon cross section for the 
53 phase [low-frequency portion of Fig. 14(a)]. 
cell, all four of the dashed branches in the dispersion rela-
tions of Fig. 9 contribute to this band. The agreement with 
the observed spectrum is poor in that its frequency is about a 
factor of 2 higher than that of the intense peak observed at 
1.5 THz. 
Rather than assume large errors in the force constants 
calculated for both the bouncing and librational modes, we 
investigated the effect of a coupling between them. Such a 
coupling appears plausible since the large distance of the 
CH3 groups from the librational axis could result in a de-
pendence of the librational restoring forces on the molecular 
height above the surface. The solid curve in Fig. 16(b) [see 
also Fig. 14(b)] represents the best fit to the observed spec-
trum which could be obtained by adjusting the strength of 
this coupling. The effect of the coupling is to split the band at 
laJ a •• 
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FIG. 16. Comparison of observed and calculated inelastic neutron spectra 
for the 51 ethane monolayer phase at 10 K. (a) Energy-loss spectrum ob-
served at constant Q = 4.0 A -. with Q parallel to the Grafoil sheets [re-
plotted from Fig. 13 (d)]. (b) Calculated one-phonon cross sections for the 
51 phase [low-frequency portion of Fig. 14(b)] as described in text. 
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2.8 THz into two peaks, the more intense of which repro-
duces well the band observed at 1.5 THz except for a shoul-
der seen at 2.3 THz. The weaker peak predicted at 3.7 THz is 
at a somewhat higher frequency than the band observed at 
3.2 THz. As can be seen in Fig. 8, little dispersion is calculat-
ed for these coupled modes indicating their local character. 
On the other hand, the weak peak calculated at 3.0 THz 
corresponding to translational motion parallel to the surface 
is strongly dispersed. This mode together with the libration 
about the surface normal at 4.2 THz are unaffected by the 
coupling. 
IV. SUMMARY AND CONCLUSIONS 
. The low-frequency vibrational modes in two crystalline 
monolayer phases of ethane adsorbed on the graphite 
(0001) surface have been studied theoretically and experi-
mentally by inelastic neutron scattering. The sensitivity of 
INS to large-amplitude motion of H atoms has allowed in-
vestigation of low-frequency librational and translational 
modes of adsorbed ethane which are difficult to observe by 
other surface spectroscopies. 
Our calculations with empirical atom-atom potentials 
reproduce the structure of the S I and S3 monolayer phases 
reasonably well. The orientations predicted for the ethane 
molecule in the two phases agree with those deduced from 
elastic neutron diffraction experiments. The discrepancy 
between the calculated and observed lattice constants is less 
than 7%. This agreement motivated application of these po-
tentials to calculations of the monolayer lattice dynamics 
including the phonon dispersion relations, the phonon den-
sity of states, and the phonon contribution to the heat capaci-
ties of the two phases. Contact with experiment was made 
through the one-phonon, incoherent neutron cross sections. 
The calculated spectra permit identification of the observed 
neutron energy-loss peaks and can account qualitatively for 
the difference in the neutron spectra of the two monolayer 
phases. Moreover, they suggest that an essential feature of 
the herringbone phase dynamics is a coupling of the lowest-
frequency librational mode to the vibratory mode normal to 
the surface. A more quantitative comparison of calculated 
and observed INS spectra should probably await the devel-
opment of empirical potentials which reproduce the ob-
served monolayer structures more accurately. Better poten-
tials would include the effects of intramolecular charge 
transfer and substrate mediated interactions.42 
The INS spectra presented here provide some insight 
into the as yet unsolved structure of the 82 ethane phase 
which occurs in a narrow range of coverage near monolayer 
completion.24 The similarity of the inelastic spectra of the S 1 
and 82 phases suggests that the latter may also have a her-
ringbone-type structure in which the C-C bond of the mole-
cule is nearly parallel to the surface. For example, it could be 
a striped phase in which commensurate herringbone regions 
are separated by narrow domain walls. It may be useful to 
reanalyze the neutron diffraction patterns of the 82 phaseS 
using models of this type. 
Finally, we would like to suggest the need for heat ca-
pacity experiments on the 81 and 83 ethane monolayer 
phases. These could provide an interesting check of the cal-
culated phonon contribution to the specific heat shown in 
Figs. 7 and 11. 
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